Abstract: It has been reported that FoxD1 plays important roles in formation of several different tissues, such as retina and kidney in vertebrates. The function of FoxD1 in muscle development is, however, unclear although it is expressed in muscle cells in zebrafish. Muscles are the major tissue in fish, which serves as a rich protein source in our diet. To further understand the function of FoxD1 in fish muscle development, here we isolated and characterized the FoxD1 gene from flounder (Paralichthys olivaceus), a valuable sea food and an important fish species in aquaculture in Asia. We analyzed its expression pattern and function in regulating myogenic regulatory factor, MyoD, one of the earliest marker of myogenic commitment. In situ hybridization revealed that FoxD1 was expressed in the tailbud, adaxial cells, posterior intestine, forebrain, midbrain and half of the retina in flounder embryos. Functional studies demonstrated that when flounder FoxD1 was over-expressed in zebrafish by microinjection, MyoD expression was decreased, suggesting that FoxD1 may be involved in myogenesis by regulating the expression of MyoD.
Introduction
Members of the "winged helix" or "forkhead" family of transcription factors have wide range of functions during embryonic development (Carlsson & Mahlapuu 2002; Lehmann et al. 2003; Pohl & Knochel 2005) . Members of the "forkhead" family share a common 110 amino acid residues long DNA-binding domain, which is a variant of the helix-turn-helix motif (Clark et al. 1993; Kaufmann & Knochel 1996) . Since the first identification of the forkhead (Fox) gene in Drosophila (Weigel 1989) , the number of this family of transcription factors has increased steadily. These genes are divided into 19 subclasses, or clades (A to S) according to the amino acid sequences of the conserved forkhead domains (Weigel et al. 1989; Katoh 2004; Lef et al. 1996; Sutton et al. 1996; Odenthal & Nuesslein-Volhard 1998; Kaestner et al. 2000; Kos et al. 2001; Hannenhalli & Kaestner 2009 ; see also http://biology.pomona.edu/fox/).
FoxD1, a member of forkhead gene family, has been studied in several species over the years. In mouse, Foxd1 (previously known as BF-2, Brain Factor 2) is expressed in ventrotemporal retina, in the ventral diencephalon during the formation of the optic chiasm (Hatini et al. 1994; Herrera et al. 2004) , as well as in several mesenchymal cell lineages, including a subset of cells in the developing kidney (Hatini et al. 1994) . During early embryonic development, Xbf2 is expressed in the mesoderm, anterior neuralplate and neural crest cells in Xenopus (Gomez-Skarmeta et al. 1999) . In zebrafish, foxd1 has been shown to be expressed in all the three germ layers (Odenthal & Nüsslein-Volhard 1998) . Foxd1 mRNA transcripts could be detected in cells of the anterior paraxial mesoderm and future forebrain and midbrain regions at the end of gastrulation, and in the entire paraxial mesoderm during somitogenensis (Odenthal & Nüsslein-Volhard 1998) . In addition, foxd1 was found to be expressed in the posterior gut during pharyng period in zebrafish (Odenthal & Nüsslein-Volhard 1998) .
In chick, FoxD1 is involved in retinotectal pathways during the development of the visual system (Yuasa et al. 1996) . In mouse, Foxd1 plays a role in the establishment of the binocular visual pathways (Herrera et al. 2004 ). In addition, Foxd1 plays a crucial role in forming the correct population of cell types within the renal capsule (Levinson et al. 2005) . Foxd1 (-/-) mutant mice died within the first 24 hours after birth with abnormal kidneys (Hatini et al. 1996) . In Xenopus, FoxD1 (Xbf2) might specify the dorso-lateral mesoderm territory by down-regulating BMP4 and its downstream genes (Gomez-Skarmeta et al. 1999) . Xbf2 also plays a role in neural crest migration (Gomez-Skarmeta et al. 1999) . Mariani & Harland (1998) showed that Xbf2 is a transcriptional repressor that could convert ectoderm into neural tissue. In addition, Foxd1 can mod- ulate inflammatory reactions and prevents autoimmunity by directly regulating anti-inflammatory regulators of the NF-AT (nuclear factor of activated T cells) pathway and by coordinating the suppression of the NF-κB (nuclear factor kappa B) pathway via Foxj1 (Lin & Peng 2006) . At present, much attention was paid to the function of FoxD1 in kidney and neural development in higher vertebrates, but its function in muscle development, derivative of mesoderm, especially in fish species, is poorly understood. To better understand the function of FoxD1 in muscle development, in this study, we isolated and characterized the FoxD1 gene from flounder, an important economic fish species in China and Asian, and studied its function in regulating the MyoD expression, one of the earliest myogenic regulatory factors during myogenesis, in zebrafish embryos. We demonstrated that over-expression ofFoxD1 in zebrafish embryos resulted in reduced MyoD expression, suggesting that FoxD1 may play a role in myogenesis by regulating MyoD expression.
Material and methods

Isolation of FoxD1 gene from flounder
The genomic sequence of flounder FoxD1 was isolated by the method of nested PCR from flounder Genome Walker libraries (Clontech, USA; Zhang et al. 2006 ) using primers from the consensus sequences (FoxD1, FoxD2; Table 1 ) together with the adapter primers (Ap1 and Ap2) (Clontech, USA). The highly conserved winged helix DNA-binding domain and the 3' end sequence were isolated. The 5' end FoxD1 sequence was isolated by PCR using FoxD1 gene specific primers and adapter primers ( Table 1 ). The two gene fragments were cloned into pUCm-T vector (Sangon, Shanghai) and sequenced.
The cDNA sequence of flounder FoxD1 was isolated by PCR using gene-specific primers FoxD1C1 and FoxD1C2 from the cDNA library of flounder. Pfu enzyme (Promega, USA) was used to increase the fidelity. The PCR fragment was cloned into pBluescript SK (BSSK) (Promega, USA) vector and sequenced.
Protein alignment and phylogenetic analysis Protein alignment was done by using the program Clustal W (http://www.ebi.ac.uk/clustalw/). Phylogenetic tree was constructed with the MEGA4 software (Tamura et al. 2007) applying the bootstrap test with 1,000 replications.
Transcriptional factor binding sites prediction Transcriptional factor binding sites in the isolated promoter sequence of FoxD1 were predicted by using the Match program (http://www.gene-regulation.com/pub/programs. html#match) and the database was TRANSFAC 6.0 (KelMargoulis et al. 2002) .
In situ hybridization Full-length FoxD1 cDNA was used as template to synthesize the sense and antisense digoxigenin-labelled RNA probes using T7 or Sp6 RNA polymerase, respectively. RNA probes were labelled with digoxigenin-11-UTP (Roche Applied Science, Germany) by in vitro transcription. In situ hybridization was carried out as described by Zhang et al (2006) .
In vitro synthesis of zebrafish and flounder FoxD1 mRNA
The zebrafish and flounder FoxD1 cDNAs were cloned in the Sal I and Sma I sites of pSP64 Poly (A) Vector (Promega, USA), respectively. The expression vectors were linearized by EcoR I digestion and used for the in vitro synthesis of mRNA. Ambion's mMESSAGE mMACHINE Kit was used for the in vitro synthesis of capped FoxD1 mRNAs (Zhang et al. 2011) . The MEGAclear TM Purification Kit (Ambion, USA) was used to purify the synthesized mRNA.
Over-expression of flounder FoxD1 in zebrafish embryos
Microinjection of capped FoxD1 mRNA into zebrafish embryos was conducted as described by Zhang et al. (2011) . The final concentration of mRNA for microinjection was 20 µg/mL, containing 0.1% phenol red to facilitate the visualization of injected solution. In vitro transcribed GFP mRNA (20 µg/mL) were co-injected as control or to confirm the microinjection. The mRNA mixture was microinjected into one cell of the two-cell stage zebrafish embryos. Zebrafish foxd1 mRNA was microinjected to compare their effects.
Fish and embryos culture
Zebrafish culture was processed according to Zhang et al. (2011) , whereas flounder culture was carried out as described by Zhang et al. (2006) .
Results
Isolation of the FoxD1 from flounder and sequence analysis
The genomic sequence of flounder FoxD1 was isolated from the genomic library as two fragments. The first 1,158 bp fragment included a 759 bp FoxD1 exon sequence and a 399 bp 3' untranslated region. The second fragment contained 815 bp, including a 327 bp exon sequence and a 488 bp 5' untranslated region. Sequence analysis revealed that the flounder FoxD1 contains only one exon, which encodes 361 amino acids. The 5' and 3' untranslated regions have conserved TATA box ( Fig. 1 ) and poly A region (AATAAA), respectively. Several putative transcription factor binding sites, such as NF-1, Oct1-A, SP1, USF, were found in the promoter sequence of flounder FoxD1 using a transcriptional factor binding sites prediction program (Fig. 1) .
The deduced amino acid sequence of flounder FoxD1 was aligned with FoxD1 homologues in other vertebrates using the Clustal W program. The data showed that flounder FoxD1 contains a highly conserved winged helix DNA binding domain, which is important for the function of forkhead domain genes. Flounder FoxD1 shares 42%, 45%, 45%, 45%, 47%, and 74% identity with human, house mouse, chicken, African clawed frog, Silurana tropicalis, and zebrafish FoxD1, respectively (Fig. 2) . Phylogenetic analysis revealed that flounder FoxD1 and zebrafish FoxD1 are on the same branch (Fig. 3) .
The temporal and spatial expression of FoxD1 during embryogenesis of flounder In order to study the function of FoxD1 in embryogenesis, in situ hybridization was performed to detect the temporal and spatial expression of FoxD1 in flounder embryos from the end of gastrula to hatch. At 3 somite stage, flounder FoxD1 was expressed in the anterior adaxial cells and the lateral somitic cells (Fig. 4A) . After 6 somite stage, FoxD1 expression in the adaxial cells and somitic cells was increased (Fig. 4B,L,M) , and FoxD1 began to be expressed in the progenitor cells of forbrain, midbrain and the kidney (Fig. 4B) . From 6 somite stage, FoxD1 expression in the progenitor cells of forbrain, midbrain and kidney gradually increased (Fig. 4C,D) . After 16 somite stage (Fig. 4E) , FoxD1 expression in the somites decreased, furthermore, FoxD1 began to be expressed in the intestine. At 20 somite stage, FoxD1 expression in the somites decreased dra- matically and FoxD1 expression in the intestine increased significantly (Fig. 4F) . As embryos develop further into later stages, FoxD1 expression in the somites decreased to an undetectable level, and the expression in the intestine converged to the posterior part, and the expression in the forebrain and midbrain was very strong (Fig. 4G,H) . At the hatching stage, FoxD1 was expressed in the posterior intestine, forebrain, midbrain and half of the retina (Fig. 4I,J,K) .
Overexpression of flounder FoxD1 in zebrafish embryos altered MyoD expression
To analyze the function of FoxD1 in flounder myogenesis, the FoxD1 mRNA was transcribed in vitro and then microinjected into zebrafish embryos. The expression of zebrafish MyoD in the injected embryos was then detected by the in situ hybridization. FoxD1 mRNA was coinjected with GFP mRNA. Only the embryos that expressed GFP were used for further study.
The data showed that MyoD expression was affected when flounder FoxD1 was over-expressed in zebrafish embryos (Fig. 5) . When the control group developed to 10 somites (Fig. 5A) , the injected embryos were only seven to eight somites (Fig. 5B-D) . Furthermore, MyoD expression in the somites on the two sides separated by the anterior-posterior axis was different, in some embryos, MyoD expression in the somites on one side was completely eliminated (Fig. 5B,C) , and in some embryos, MyoD expression in the somites on one side is lower than the other side (Fig. 5D) . The phenomena were also found in the zebrafish foxd1 overexpression samples (Fig. 5E-H) . It can be concluded that the embryos injected with FoxD1 mRNA develop more slowly than the control ones as indicated by the decrease of MyoD expression in the somites in the injected embryos and on the injected side of embryo. Interestingly, MyoD expression in the adaxial cells was not affected at all. The influence of FoxD1 on MyoD expression suggests thatFoxD1 functions in the regulatory network of fast muscle development, while exhibits no function in slow muscle development.
Discussion
In this study, we isolated FoxD1 gene from flounder, analyzed its expression and function. Similar to the forkhead domain genes in other species, flounder FoxD1 contains only one exon and a conserved winged helix DNA-binding domain. Expression analysis revealed that it is expressed in several tissues that are derived from ectoderm, mesoderm and endoderm during embryonic development, suggesting that FoxD1 may play a role in cell specification and differentiation during early development. Functional analysis via over-expression in zebrafish embryos indicates that it may control muscle cell differentiation by repressing MyoD expression.
The expression of FoxD1 in paraxial mesoderm
We showed in this study that flounder FoxD1 is expressed in the paraxial mesoderm, mostly in the adaxial cells and somitic cells, which is similar to the pattern of foxd1 expression in zebrafish (Odenthal & Nüsslein-Volhard 1998) . It has been shown in Xenopus that FoxD1 was involved in the specification of lateral mesoderm and proper development of the mesoderm (Gomez-Skarmeta et al. 1999) . The dynamic pattern of FoxD1 expression during myogenesis suggests that its function is temporally regulated. The FoxD1 expression was first detected in adaxial cells of flounder embryos and disappeared after the differentiation of adaxial cells into slow muscles. However, its expression in developing somites was sustained to later stages and then gradually decreased. This is similar to the expression pattern of myogenic regulatory factors. Collectively, these data indicate that FoxD1 may regulate myogenesis by modulating gene expression in adaxial cells and somitic cells.
The expression of FoxD1 in neurogenesis and retina, derivatives of ectoderm Xenopus FoxD1 is normally expressed in the anterior neural plate and neural crest cells and functions in patterning forebrain and migration of neural crest cells (Mariani & Harland 1998; Gomez-Skarmeta et al. 1999) . Mouse Foxd1 is expressed in the forebrain, ventral diencephalon, and ventral-temporal retina during the formation of the optic chiasm (Hatini et al. 1994; Herrera et al. 2004 ) and plays important roles in the retinal development and chiasm morphogenesis (Herrera et al. 2004) . FoxD1 has been implicated in controlling the retinotectal pathways during visual system development in chick (Yuasa et al. 1996) . In zebrafish, foxd1 is expressed in the forebrain and midbrain from bud stage up to pharyngula period (Odenthal & Nüsslein-Volhard 1998) . The expression of flounderFoxD1 in brain and retina suggests that FoxD1 plays a role in the specification and differentiation of neural tissue and the retina development in flounder.
The expression of flounder FoxD1 in kidney and intestine FoxD1 is strongly expressed in the cortical stroma of kidney in mice (Hatini et al. 1996) and plays important role in kidney development (Hatini et al. 1996; Levinson et al., 2005) . Xenopus FoxD1 is transiently expressed in two stripes lateral to the midline, which could be kidney precursors (Mariani & Harland 1998) . Flounder FoxD1 was also expressed in the progenitors of kidney cells in early flounder embryos, indicating its function in kidney development, but the mechanism of FoxD1 in regulating kidney development needs further studies.
Flounder FoxD1 was initially expressed in intestine cells at 16 somite stage, and the expression was sustained up to hatching stage; after that, FoxD1 expression in the intestine gradually converged to the end of intestine. The expression of FoxD1 in the intestine is similar to that in zebrafish embryos (Odenthal & Nüsslein-Volhard 1998) . FoxD1 could play a role in intestine development.
The function of FoxD1 in regulating muscle development Muscle development is controlled by a series of networks. The myogenic regulatory factors, including MyoD, Myf-5, myogenin and MRF4, directly control the transcription of muscle structural genes (Buckingham 1992) . MyoD play a key role in regulating muscle differentiation. Flounder FoxD1 was expressed in the adaxial cells and somitic cells during embryonic development, indicating that it might be involved in early muscle development. Functional studies via overexpression of FoxD1 in zebrafish embryos indicated that it may control MyoD expression in developing somites. MyoD expression in the somites was greatly reduced by the FoxD1 expression, while MyoD expression in adaxial cells was not affected at all. Adaxial cells are the progenitors of slow muscle cells and muscle pioneer cells (Devoto et al. 1996) , while most cells in the somite differentiate into fast muscles. These data indicate that FoxD1 may function in fast muscle development. Xenopus FoxD1 and other forkhead proteins, such as Qin, Genesis, CWH-1, CWH-3 and CWH-3, have been shown to function as transcriptional repressors (Li et al. 1995; Sutton et al. 1996; Freyaldenhoven et al. 1997) . It can be speculated that flounder FoxD1 may be a negative regulator repressing MyoD gene expression in developing somites. It is possible that flounder FoxD1 could keep the cells at proliferating stage and prevent them from differentiation, when flounder FoxD1 is over-expressed, the myogenic cells in the somite were kept from MyoD expression and myogenic differentiation. Also, it can be found that the function of FoxD1 in muscle was conserved between zebrafish and flounder. Further studies are needed to better understand the molecular mechanism of FoxD1 function in regulation of muscle development.
